The biomaterial scaffolds for regenerative medicine need to be rationally designed to achieve the desired cell fate and function. This paper describes the development of hydrogel microstructures for cultivation of primary hepatocytes. Four different micropatterned surfaces are tested: 1) poly(ethyelene glycol) (PEG) microwells patterned on glass, 2) heparin hydrogel microwells patterned on glass, 3) PEG microwells patterned on heparin hydrogel-coated substrates, and 4) heparin hydrogel microwells patterned on heparin hydrogelcoated substrates. The latter surfaces are constructed by a combination of micromolding and microcontact printing techniques to create microwells with both walls and fl oor composed of heparin hydrogel. Individual microwell dimensions are 200 μ m diameter and 20 μ m in height. In all cases, the fl oor of the microwells is modifi ed with collagen I to promote cell adhesion. Cultivation of hepatocytes followed by analysis of hepatic markers (urea production, albumin synthesis, and E-cadherin expression) reveals that the all-heparin gel microwells are most conducive to hepatic phenotype maintenance. For example, ELISA analysis shows 2.3 to 13.1 times higher levels of albumin production in all-heparin gel wells compared with other micropatterned surfaces. Importantly, hepatic phenotype expression can be further enhanced by culturing fi broblasts on the heparin gel walls of the microwells. In the future, multicomponent all-heparin gel microstructures may be employed in designing hepatic niche for liver-specifi c differentiation of stem cells.
two dimensional, rigid substrate and come up short in recreating microenvironment complexity. To overcome these limitations, a number of research groups have been using the microfabrication techniques to enhance complexity of in vitro microenvironment. [9] [10] [11] [12] [13] [14] [15] [16] [17] One example of these involves fabricating microwells by photolithography or soft lithography to control the extent of homotypic cellular interactions. [ 18 , 19 ] These microstructures have been mainly fabricated with hydrogels such as poly (ethylene glycol) (PEG) due to their biocompatibility, high water content, and mechanical properties. However, PEG microstructures are biologically inert; they do not promote cell attachment or function. Therefore, researchers have been either functionalizing PEG backbone with cell binding motifs or utilizing natural polymers such as chitosan, gelatin, or denatured collagen. [ 12 , 20-22 ] Other approaches focus on creating heterotypic interactions by co-culturing the cell of primary interest with a secondary or supporting cell type, in an attempt to mimic interactions between epithelium and stroma present in numerous tissues. [ 20 , 23 , 24 ] Yet another subset of studies focus on defi ning mechanical properties of the substrate to provide physiologically appropriate mechanical cues to cells. [ 25 , 26 ] The goal of our paper was to create microstructured hydrogel surfaces where biochemical and biophysical cues as well as coculture effects could be present simultaneously. We chose to work with heparin hydrogel, as this bioactive material has been shown useful for culturing multiple cell types, including the cell type of our interest-primary hepatocytes. [ 16 , 27-31 ] These cells are notoriously diffi cult to culture and are commonly used as liver mimics in toxicology/drug screening studies. An important design criterion for us was to develop bioactive microwells where the fl oor is composed of a soft gel approaching mechanical properties of the healthy liver ( E , < 6 kPa). [32] [33] [34] As shown in Figure 1 , all-heparin hydrogel microstructures were fabricated in two steps. The fi rst heparin gel layer serving as the bottom of microwells was created by photopolymerization. The second layer containing microwells was created by a combination of micromolding and microcontact printing. This combined process allowed to fabricate microwells while
Introduction
Cells in vivo are exposed to complex and highly structured microenvironment regulated by multiple niche effectors, including biochemical cues arising from neighboring cells, soluble factors, and extracellular matrix (ECM), and also biophysical cues coming from niche elasticity and geometry. [1] [2] [3] [4] Several studies have demonstrated that cell fate is determined by the combination of these niche effectors, [5] [6] [7] and it is therefore important to recreate biochemical and mechanical cues for enhanced in vitro culture results. [ 8 ] In contrast, the classical cell culture techniques often rely on culturing a single cell type on a immobilizing cell-adhesive collagen layer at the bottom of the wells. Three other types of micropatterned surfaces, those containing PEG microwells on glass, heparin gel microwells on glass, and PEG microwells on heparin gel layer were used as controls. Our experiments revealed that all-heparin hydrogel microwells outperformed other micropatterned surfaces by eliciting highest levels of hepatic function expression. Given that heterotypic interactions are important in the liver, we also tested a co-culture system with hepatocytes seeded inside the microwells and fi broblasts on the hydrogel walls. Inclusion of stromal cells on the microstructured surfaces further enhanced hepatic function. Overall, the multi-layered heparin gel microstructures described here represent a novel tool for engineering the niche for maintaining hepatic function.
Results and Discussion

Fabricating and Characterizing Heparin Gel Microstructures
In this study, heparin-based hydrogels formed via UV-mediated thiol-ene crosslinking reaction were employed to fabricate the multilayered bioactive microstructures for cell cultivation. The selection of heparin hydrogel as a building material was infl uenced by our previous result demonstrating hepatic phenotype-inductive effects of this biomaterial. [ 16 , 27 , 31 ] In contrast to previous studies that focused on either defi ning the cell group size [ 35 , 36 ] or controlling heterotypic interactions via cocultures [ 23 , 24 ] or providing mechanical cues, [ 25 , 26 , 37 ] we wanted the ability to create all of the above effects on the same surface. To accomplish this, several design criteria had to be addressed, including: 1) defi ning hepatocyte attachment sites within the microwells, 2) designing microwells with soft bottom layer approaching mechanical properties of the liver, 3) controlling attachment of secondary cells on the walls around the microwells. Figure 1 describes a two-step process for fabricating microwells composed entirely of heparin gel. First, a bottom heparin gel layer was created by UV photopolymerization of a prepolymer containing diacrylated PEG and thiolated heparin. In our previous study, this formulation of heparin gel was determined to result in a soft substrate ( E ≈ 11 kPa) and was found to elicit higher levels of hepatic function when compared with stiffer gel or glass substrates. [ 27 ] In the second fabrication step, a polydimethyl siloxane (PDMS) template containing arrays of 200 μ m diameter posts was pressed against the gelcoated glass slide, followed by infusion of heparin prepolymer solution into the inlet port of the template. This step was specifi cally developed to create cell adhesive regions at the bottom of microwells, leaving walls free of hepatocytes and available for subsequent addition of secondary cell type. To accomplish this, we inked PDMS template/stamp in collagen I before pressing it against heparin gel-coated slide. Therefore in this process collagen transfer by microcontact printing was happening concurrently with UV-induced micromolding of the polymer precursor solution. In addition to all-heparin hydrogel microstructured surfaces described in Figure 1 and Figure 2 A, we fabricated three other groups of microstructured surfaces serving as controls. Summarized in Figure 2 , these surfaces included PEG hydrogel microwells fabricated on glass (Figure 2 Brightfi eld images in Figure 2 show that microwells with 200 μ m diameter could be successfully fabricated for all four groups of surfaces. To demonstrate presence of heparin, the different types of micropatterned surfaces were stained with toluidine blue O (TB). Optical images of TB staining in Figure 2 demonstrated differences in staining for the different hydrogel micropatterns. Everything is stained for allheparin gel micropatterns, no staining appears in the case of PEG gel-on-glass micropatterns, only the wells are stained in blue/purple in the case of heparin gel-on-glass micropatterns, and only the bottom is stained for PEG gel-on-heparin gel micropatterns. A set of fl uorescence images in Figure 2 shows selective adsorption of fl uoresceine-labeled collagen I at the bottom of the microwells. In cases of Figure 2 B,D, collagen immobilization was reasonably straightforward because PEG hydrogel walls were non-fouling and protein adsorption was accomplished by simple immersion of surfaces in collagen solution. However, for scenarios involving heparin gel (Figure 2 A,C), this simple approach was not suffi cient due to possibility of protein adsorbing onto heparin gel, thus compromising our ability to create micropatterned co-cultures later on. For this situation, we developed and deployed a method involving a combination of micromolding and microcontact printing of collagen. As seen in Figure 2 A,C, this method resulted in transfer/immobilization of collagen on the underlying substrate. Studies with hepatocytes, described in the following section, supported the effectiveness of micromolding and microcontact printing method in creating surfaces for cell cultivation. A combination of micromolding and microcontact printing was used to create microwells where both walls and fl oor were composed of heparin hydrogel. This protocol allowed to selectively pattern the bottom of the wells with collagen I to promote attachment of hepatocytes. A co-culture could be created by seeding 3T3 fi broblasts on the same surfaces, resulting in stromal cell attachment around the hepatocyte clusters, on the heparin gel walls of the microwells.
Cultivating Primary Rat Hepatocytes on Gel Microstructures
As mentioned above, cells respond to multiple signals existing in the niche. Mechanical cues in addition to biochemical cues have garnered a lot of attention recently. While majority of these studies focus on responses of mesenchymal cells to mechanical stimuli, [ 38 , 39 ] there is increasing interest in engineering mechanical microenvironment of epithelial cells such as hepatocytes. [ 27 , 37 , 40 ] In our study, primary rat hepatocytes were cultured in four kinds of microwells to investigate the effects of chemical composition and mechanical properties of the microstructured surface on phenotype expression. More quantitative assessment of hepatic phenotype was carried out based on albumin and urea synthesis. These are the major products of liver metabolism that are frequently used as benchmarks for assessment of hepatic function.
The albumin ELISA data presented in Figure 4 A shows that heparin gel containing micropatterned surfaces elicited higher level of albumin synthesis from hepatocytes, compared with PEG hydrogel-onglass micropatterns. For example, compared with PEG hydrogel-on-glass control (0.015 ± 0.001 ng cell − 1 d − 1 ) at day 7, the albumin levels were 4.2 times higher for heparin gel-onglass microwells (0.063 ± 0.026 ng cell − 1 d − 1 ), 5.8 times higher for PEG hydrogel-on-heparin gel microwells (0.087 ± 0.005 ng cell − 1 d − 1 ), and 13.1 times higher for all-heparin hydrogel microwells (0.196 ± 0.033 ng cell − 1 d − 1 ). Interestingly, as seen from Figure 4 A, beyond 5 days in culture, the highest levels of albumin synthesis were observed in the case of all-heparin hydrogel microstructures. Urea arises in the process of converting toxic ammonia. [ 41 ] While less pronounced than albumin data, urea analysis results presented in Figure 4 B demonstrate that all-heparin hydrogel microstructures were associated with highest levels of urea production. The levels of albumin and urea synthesis in our best case scenario of all-heparin hydrogels are comparable to hepatic function reported for collagen gel sandwich [ 42 , 43 ] or hepatocyte spheroid cultures. [44] [45] [46] The differences in hepatic phenotype expression were further corroborated by immunofl uorescent staining for albumin and E-cadherin-a cell-cell adhesion molecule expressed in epithelial cells such as hepatocytes. [ 47 ] As seen from images in Figure 5 , after 5 days in culture, hepatocytes in multilayered all-heparin gel microstructures showed much stronger albumin fl uorescence signal than the cells on other types of surfaces. These data were in line with albumin ELISA results reported in Figure 4 A. Additional evidence of hepatic phenotype expression was obtained by immunostaining for E-cadherin. This is a consensus marker of epithelial hepatic phenotype that is known to be down-regulated during de-differentiation of hepatocytes. [ 47 ] As shown in Figure 5 , E-cadherin was expressed stronger and was localized at cell-cell junction in hepatocytes cultured on all-heparin hydrogel microstructure as opposed to other micropatterned surfaces. In summary, hepatic function and phenotype analysis clearly showed all-heparin hydrogel microstructures to be superior to other types of micropatterned surfaces tested here. The reasons for this are likely severalfold. 1) Heparin-based hydrogels are bioactive and have been shown by us and others to induce cellular phenotype in the absence of exogenous morphogens. [ 16 , 31 , 48 ] This likely happens by sequestration of cell-produced (endogenous) growth factors/morphogens expressing heparin-binding domains that are captured in the vicinity of cells and are possibly re-released over time. 2) In addition to bioactivity, low-modulus surfaces employed here may approximate mechanical properties of the native liver and may contribute to phenotype maintenance.
Creating Hepatocyte-Fibroblast Co-Cultures in Heparin Gel Microstructures
In an attempt to mimic heterotypic cellular interactions present in the liver, hepatocytes have been frequently co-cultured with stromal cells, leading to marked improvement of hepatic phenotype expression and maintenance. [ 24 , 49-52 ] To further enhance complexity of the liver microenvironment in our study, stromal cells were added to hepatocyte micropatterns. As noted earlier in this paper, the micropatterned surfaces were specifi cally designed to enable co-culture formation. That is, surfaces were micropatterned so as to defi ne sites of hepatocyte attachment, leaving regions of the surface open for the secondary cell type to adhere. The principle of this co-culture formation is similar to the earlier reports of Langer and co-workers. [ 20 ] Hepatocyte were seeded fi rst and were given 1 day to form a monolayer inside the microwells. 3T3 fi broblasts were seeded next, adhering on the walls of heparin gel wells but not on the top of the hepatocyte clusters formed within the wells. Fibroblasts are adhesive cells that secrete endogenous Liver-specifi c function of primary hepatocytes cultured on the gel microwells of varying components. PEG microwell on pure glass (P/G), heparin gel microwell on pure glass (H/G), PEG microwell on heparin gel layer (P/H), heparin microwell on heparin gel layer (H/H). A) ELISA analysis of albumin secretion and B) urea synthesis by hepatocytes at various time points during 7 day culture. Error bars indicate standard deviation of the mean for n = 3 samples. Signifi cance; * p < 0.05, * * p < 0.001.
ECM proteins to promote attachment. These cells attached well on unmodifi ed heparin gel walls of the microwells. An example of hepatocyte-fi broblast co-cultures formed on microstructured gel surfaces is shown in Figure 6 A,B. DAPI in combination with immunofl uorescent staining was used to show presence of albumin positive cells (hepatocytes) inside the wells and albumin negative cells (fi broblasts) on the hydrogel wall regions (Figure 6 C) . Analysis of albumin production by ELISA ( Figure 6 D) revealed that co-cultures were highly functional up to day 9, after which function began to decay. In comparison to most functional mono-cultures (Figure 4 A), co-cultures produced 3.5 fold higher level of albumin. Overall, micropatterned co-cultures of primary hepatocytes and 3T3 fi broblasts showed enhanced hepatic function compared with mono-cultures.
Conclusion
In this study, we describe the creation of heparin-based hydrogel microstructures and culturing primary hepatocytes on these microstructured surfaces. Design considerations for these surfaces included 1) controlling the cell group size, 2) creating substrates that mimic mechanical properties of the liver, and 3) introducing heterotypic interactions between hepatocytes and stromal cells. With these goals in mind a fabrication strategy combining photopolymerization, micromolding, and microcontact printing was devised to create arrays of all-heparin hydrogel microwells with collagen-modifi ed attachment sites to promote hepatocyte adhesion. These microstructured surfaces elicited higher levels of hepatic function compared with other micropatterned substrates that were either fabricated on glass or were not entirely made of heparin gel. Importantly, fi broblasts could be added to hepatocyte micropatterns to create micropatterned co-cultures. When compared with mono-cultures, these co-cultures caused a ≈ 3.5 fold enhancement in production of albumin. Overall, the novel micropatterning and biomaterial microfabrication strategies detailed in this paper provide the fl exibility in designing the microenvironment of desired micrometer-scale dimensions, mechanical properties, and cellular composition. We foresee building on these fabrication strategies in the future for improving the microenvironment niche for hepatocyte maintenance or liver-specifi c differentiation of stem cells.
Experimental Section
Chemicals and Materials : Heparin (sodium salt, from porcine intestinal mucosa) was purchased from Celsus Ins. (Cincinnati, IA, USA) and Sigma Aldrich (St. Louis, MO, USA). Thiolated heparin (Hep-SH) was synthesized with the modifi cation of carboxylic groups of heparin using carbodiimide chemistry, as previously reported. [ 28 ] Poly(ethylene glycol) diacrylate (PEG-DA, MW 6 kDa, 98% degree of substitution) was purchased from SunBio Inc. Fabricating Gel Microstructures on Glass : In this study, we prepared and tested four types of micropatterned surfaces. PEG hydrogel microwells as shown in Figure 2 B,D were simply fabricated in a micromold and heparin hydrogel microwells as shown in Figure 2 A,C were constructed using a combination of micromolding and microcontact printing. Specifi cs of fabricating each surface are discussed later in this section. The common features for all micropatterned surfaces included silanization of glass and fabrication of PDMS molds. To promote attachment of hydrogels, the glass substrates were modifi ed with 3-acryloxypropyl trichlorosilane (Gelest, Morrisville, PA) according to the protocol reported previously. [ 16 ] All processes relied on PDMS templates that were fabricated using traditional soft lithography approaches [ 53 , 54 ] Cell Culture on Gel Microstructures : All four types of gel microstructures had similar microwell dimensions − 200 μ m in diameter and 20 μ m in height. These micropatterned surfaces were used to create mono-and co-cultures of hepatocytes. Primary hepatocytes were isolated from adult female Lewis rats (Charles River Laboratories, Boston, MA, USA) weighing 125-200 g, using a two-step collagenase perfusion procedure as described previously. [ 41 ] Primary hepatocytes were maintained in DMEM supplemented with 10% FBS, 200 U mL − 1 penicillin, 200 mg mL − 1 streptomycin, 7.5 mg mL − 1 hydrocortisone sodium succinate, 20 ng mL − 1 EGF, 14 ng mL − 1 glucagon, and 0.5 U mL − 1 recombinant human insulin at 37 ° C in a humidifi ed 5% CO 2 atmosphere. A glass piece containing gel microstructures was placed into a well of a 12-well plate and then immersed in 2 mL solution containing 1 × 10 6 hepatocytes. After 1 h of incubation at 37 ° C, the samples were washed twice in PBS to remove unattached hepatocytes and fresh medium was added to the sample wells.
For co-culture experiments, murine 3T3 fi broblasts were maintained in the DMEM supplemented with 10% FBS, 200 U mL − 1 penicillin and 200 mg mL − 1 streptomycin. The cells were growth arrested by treatment with 10 μ g mL − 1 of mitomycin C (Sigma-Aldrich) for 2 h prior to cell seeding. Hepatocytes were cultured on micropatterned surfaces for 1 d prior to introduction of fi broblasts. To create co-cultures, fi broblasts were added at a concentration of 1.2 × 10 6 cells mL − 1 into the wells already containing hepatocyte micropatterns. After 2 h of incubation at 37 ° C, unattached fi broblasts were washed away and then co-culture of hepatocytes and fi broblasts was maintained in hepatocyte culture medium at 37 ° C in a humidifi ed 5% CO 2 atmosphere.
Analysis of Hepatic Function and Phenotype : The number of hepatocytes attached on each microwell was counted with six microscopic images of 10 × magnifi cation fi elds per condition 1 d after cell seeding. For analysis of hepatic function, culture medium was collected and analyzed using a urea kit and rat albumin ELISA kit. To detect intracellular albumin and E-cadherin, gel microstructures were fi xed in 4% paraformaldehyde and were washed in PBS solution and then incubated with primary antibodies for albumin (1:100 dilution in PBS) and for E-cadherin (1:50 dilution in PBS). After overnight incubation at 4 ° C, gel microstructures were washed in PBS solution and then stained with secondary antibodies for albumin (1:200 dilution in PBS) and for E-cadherin (1:750 dilution in PBS). After 1 h of incubation at room temperature, the gel microstructures were washed in PBS and were mounted using a mounting medium containing DAPI to determine the location of nuclei. Stained cells were visualized and imaged using a laser scanning confocal microscope (LSM700, Carl Zeiss, Jena, Germany).
Statistical Analysis : The results were expressed as the mean ± standard deviation. Student t -test analysis was used for statistical analysis. Differences were considered to be statistically signifi cant at p < 0.05. (Figure 2 A) . In this case, the prepolymer solution was composed of thiolated Hep-SH and 6 kDa PEG-DA (1:1 molar ratio of thiol to acrylate group). These two components were mixed in PBS containing 1% w/v photo-initiator (Irgacure 2959), which was dissolved in 70% v/v ethanol, to achieve 5% w/v of gel precursor solution. To make multi-layered all-heparin microwells in which both the walls and the bottom of microwells were composed of heparin gel, the substrates were fi rst coated with heparin gel precursor solution based on photopolymerization. 6 μ L of prepolymer solution was dispensed onto a 12 mm × 12 mm glass slide, covered with a cover slip (25 mm × 25 mm × 0.13 mm) to create a uniform liquid layer and exposed to UV (365 nm, 18 W cm − 2 , OmniCure series 1000 light source, EXFO, Vanier, Quebec, Canada) for 5 s. After removing the cover slip, the fabrication of heparin gel microwells was performed by a combination of micromolding and microcontact printing. The PDMS template for this combined micromolding procedure contained two ports, one for injection of liquid prepolymer, another for application of negative pressure. The PDMS template was fi rst gently pressed against the substrate, then the liquid prepolymer was loaded into the inlet port and vacuum was applied to the outlet port to pull prepolymer solution. These constructs were subsequently exposed to UV light for 10 s (365 nm, 18 W cm − 2 ) to cross-link the prepolymer. Inclusion of heparin diminished non-fouling properties of the hydrogel walls, making it diffi cult to selective adsorb collagen at the bottom of wells as described for construction of PEG microwells in scenario 2. To resolve this challenge, we developed a combined approach of micromolding and microcontact printing where a PDMS template was inked in collagen I prior to micromolding process. For collagen inking protocol, 0.1 mg mL − 1 collagen solution was spin-coated onto a glass slide at 1000 rpm to create a thin liquid layer on the surface. That way, when the array of PDMS pillars was brought in contact with the protein layer, only the tips of the pillars became functionalized with protein. Subsequently, when the PDMS template was pressed against the substrate for micromolding, collagen was transferred into the regions of heparin gel layer that become the fl oor of the wells during micromolding procedure. Therefore, in this method, formation of microwells and functionalization of wells with collagen was happening concurrently. 2) PEG hydrogel microwells on glass (Figure 2 B) . 6 kDa PEG-DA was dissolved in PBS to achieve 10% w/v of gel precursor solution. Using this prepolymer, PEG microwells were simply constructed via a micromolding. The PEG precursor solution (10 μ L) was dropped onto silane-modifi ed glass substrate (12 × 12 mm) and then PDMS mold was brought into contact with the solution and gently pressed. It was exposed to UV irradiation for 10 s and then the PDMS mold was peeled from the surface. After fabricating microwells, the substrates were immersed in 0.1 mg mL − 1 solution of collagen I for 1 h. Because the microwells were composed of non-fouling PEG, the protein became selectively adsorbed on the glass regions inside the microwells. 3) Heparin gel microwells on glass (Figure 2 C) . These microwells were also fabricated by a combination of micromolding and microcontact printing as described in case 1 but with the exception that the underlying glass substrate was not coated with heparin gel. The combined technique of micromolding and microcontact printing developed by us allowed for formation of the microwells and deposition of collagen at the bottom of the wells to happen concurrently. 4) PEG gel microwells on heparin gel (Figure 2 D) . To make this type of microwells, the substrates were fi rst coated with heparin gel precursor solution based on photopolymerization as described in case 1. After removing the cover slip, PEG gel microwells were simply constructed by the micromolding process described above in case 2. Because these substrates contained non-fouling PEG wells on the top of heparin gel, the bottom of the wells could be made cell-adhesive by incubating in 0.1 mg mL − 1 solution of collagen I.
1) Heparin gel microwells on heparin gel
Toluidine blue O staining was used to identify presence and location of heparin in microstructures, as reported previously. [ 55 , 56 ] Staining of negatively charged heparin molecules by this dye (purple color) was visualized using optical microscopy (Zeiss Axiovert 40, Carl Zeiss, NJ, USA).
